Fiber-oriented film was prepared by electrospinning method using polyvinyl alcohol with stylbazol quaternized group (PVA-SbQ), and the formation behavior of polyiodine complex in fibers was investigated. From the UV-vis spectra and the Raman spectra, it was revealed that PVA-I � � was formed in the fiber orientated film after staining. It is presumed that in the fiber oriented film, the iodine complexes are aligned in one direction. It is considered that the polyiodine complex is inductively arranged with respect to the orientation of fibers, which contributes to the development of dichroism.
Formation Behavior of Polyiodine Complex in Photocrosslinked
Polyvinyl Alcohol Fiber Spun by Electrospinning Method
Introduction
The polarizing film which is one of the constituent elements of a liquid crystal display plays its role by transmitting only light in a certain direction. This is obtained by adsorbing iodine on a uniaxially stretched polyvinyl alcohol (PVA) film [1] [2] [3] . Polyiodine complexes are formed in PVA chains oriented in the stretching direction. Industrially, it is produced by uniaxially stretching a PVA film, dipping it in an iodine solution, and carrying out the boric acid crosslinking treatment [4] . The PVA-polyiodine complex in the polarizing film has high linearity, absorbs visible light oscillating in the stretching direction well, and transmits light vertically oscillating through so that linearly polarized light can be efficiently extracted. Currently, many of them are manufactured by the stretching method. Along with the reduction in weight and thickness of various devices, further thinning of the polarizing film is required. PVA-iodine complex has many problems such as detailed structure elucidation and efficient orientation, and various studies are being conducted towards those ends [5] [6] [7] [8] [9] .
In this research, we focused our attention on the optical orientation method and the electrospinning method [10] [11] [12] as an approach to a new alignment method for polyiodine complexes, which does not require a stretching step. In the photo-alignment method, we used PVA-SbQ. This is a photo-curing polymer in which stylbazol quaternized groups (SbQ) are introduced into the side chain of PVA. By irradiating PVA-SbQ with ultraviolet light, the C=C double bond at the SbQ site undergoes photo-crosslinking reaction, forming a cyclobutane structure [13] as shown in Fig. 1 . This photo-crosslinking reaction can form a crosslinked structure along one direction by irradiating a linearly polarized light [14] , whereas the photo-dimerizations of cinnamoyl group have been known to induce uniaxial alignment of liquid crystals [15, 16] and applied to the linear polarizer with dichroic dyes [17] . The photo-alignment by using PVA-SbQ is one of the methods arranging the polyiodine complex in the oriented PVA chain. It has also been reported that PVA-SbQ improves water resistance by photo-crosslinking [18] and promotes formation of PVA-iodine complex during boric acid treatment [19] . In the electrospinning method, a high voltage is applied to a nozzle, through which the polymer solution is pumped and sprayed to prepare a fibrous film having a micro-nano size. In general, polymer nanofibers are spun in an electric field, and the fibers are wound around a high speed rotating roller to prepare a fiber film oriented in one direction. However, there was a problem where the PVA fiber film dissolves upon staining with the iodine solution. Thus, it was difficult to form PVApolyiodine complex in the fiber.
In this study, electrospinning of PVA-SbQ was carried out, and iodine staining was carried out utilizing water resistance by photo-crosslinking. We aim to elucidate the formation of polyiodine complex in the prepared PVA-SbQ fiber and to inductively arrange the polyiodine complex along the fiber.
Materials and methods

Materials
Poly(vinyl alcohol) modified N-methyl-4-(4'-formylstyryl) pyridinium methosulfate acetal (PVA-SbQ, CAS Number: 107845-59-0), which is a photocuring polymer, was purchased from Murakami Co., and those aqueous solutions were used as received. In this study, we use one (MQ2013) whose degrees of polymerization and SbQ ratios were 3500 and 1.7 mol%, respectively. The saponification value was 88 mol%. Iodine, potassium iodine, boric acid and solvents, which were super high grade were purchased from FUJIFILM Wako Pure Chemical Co., and were used without other purification.
Staining solution and polymer solution for electrospinning
Iodine solution for dyeing was prepared by mixing 3 g of iodine, 1 g of potassium iodide, and 750 mL of distilled water. The boric acid solution was prepared by mixing 5 g of boric acid and 300 mL of distilled water. For electrospinning, 3.5 mL of the PVA-SbQ aq., 1.5 mL of distilled water, and 5 mL of ethanol were mixed and stirred for 24 h to prepare a polymer solution.
2.3. Preparation of electrospun fiber film, photoirradiation, dyeing and the boric acid treatment
The prepared solution was placed in a syringe and electrospinning was carried out. The applied voltage was 10 kV, and the flow rate was 0.2 mL h -1 . The fiber oriented film was obtained by winding up the fiber using a high rotating roller. All these steps and electrospinning were carried out in light safe environment. In this study, films were also prepared by spin-coating method (200 rpm for 10 s, 1000 rpm for 60 s) for comparison. The fiber film and spincoated film were exposed to ultraviolet light (365 nm: 1.56 mJ cm -2 s -1 ). The photo-irradiation process was placed by using a super-high-pressure mercury lamp (USHIO SP-V SPOT CURE). Then those films were immersed in the iodine solution for 10 s for dyeing, and then immersed in a boric acid aqueous solution for 50 s.
Measurements
Raman spectra were measured by using a Raman spectrometer (NRS-2100, JASCO). UV-vis spectra were measured by using a U-3000 Spectrophotometer (HITACHI). The polarization absorption spectra were obtained by placing a Glam-Thomson polarizer transparent for UV light (SURUGA SEIKI) in an ultraviolet-visible spectrophotometer. The morphological structures of the PVA-SbQ fiber oriented films were examined with a field emission scanning electron microscope (FE-SEM JSM-6700F, JEOL). The thicknesses of the films were measured by a laser microscope (VK-8510, KEYENCE).
Results and discussion
Enhancement of complex formation by UV irradiation
UV-vis absorption spectra of the PVA-SbQ film prepared by the spin-coating method after UV irradiation are shown in Fig. 2 , and after dyeing and the boric acid treatment are shown in Fig. 3 . As the exposure energy increased, the absorption peak at 350 nm became smaller. This peak is attributed to the SbQ group. It shows that the photo-crosslinking reaction proceeds in the film. In the film after the dyeing and the boric acid treatment, the absorption peak at 600 nm (PVA-I � � ) increased with the exposure energy, and the absorption peak at 290 nm 3 . UV-vis absorption spectra of spin-coated film after dyeing and the boric acid treatment depended on exposure time.
Photo-crosslinking reaction in fiber oriented film prepared by electrospinning method
We attempted to analyze the photo-crosslinking reaction in the fiber oriented film from UV-vis spectra. However, it was difficult to measure due to its light scattering. Therefore, in order to observe the photo-crosslinking reaction of the fiber oriented film, the Raman spectrum was measured, and the C=C double bond in the SbQ group was traced. Figure 4 shows the Raman spectra of the PVA-SbQ fiber film at 0, 20 and 60 s of UV light exposure time. The peak around 1610 cm -1 is attributed to C=C stretching vibration. As the increasing exposure energy, the peak reduction around 1610 cm -1 was observed. Therefore, it was confirmed that a photo crosslinking reaction occurred in the fiber oriented film. The peak at 1700 cm -1 is attributed to carbonyl group, and it is considered to be derived from the acetic acid group in PVA-SbQ. Fig. 4 . Raman spectra of fiber oriented film depended on exposure time.
3.3. PVA-iodine complex and polarization absorption spectra in fiber oriented film Figure 5 shows the UV-vis spectra when iodine staining and boric acid treatment were performed after UV light exposure on the fiber oriented film. The PVA fiber oriented film not having photo-reactive groups like SbQ group dissolved in the iodine staining process. However, the PVA-SbQ fiber oriented film after UV irradiation in this study could be stained without being dissolved. The fiber oriented film treated with boric acid solution after iodine staining showed a peak around 600 nm, which showed that PVA-I � � was formed. However, in the formation of PVA-I � � in the fiber film, the enhancement of the complex due to the UV irradiation was not observed. Figure 6 shows the results of measurement of polarized absorption spectra after the boric acid treatment. Dichroism was observed around 450 nm to 650 nm, thus, it is considered that PVA is aligned parallel to the fiber orientation. The dichroic ratio was calculated using the following formula (1). The ratio of the fiber 3.4. Orientation state of fiber before and after staining Figures 7 and 8 show the surface of the fiber oriented film before and after dyeing observed by FE-SEM. The fiber diameter before staining was about 100 nm to 300 nm, and it became larger or continual after staining. This is considered to be caused by the adhesion between adjacent fibers occurring. However, the fiber kept the overall orientation to some extent. PVA-I � � is arranged along the orientation of the fiber after staining, which contributes to dichroism appearance. Fig. 7 . FE-SEM photograph of the surface shape of fiber oriented film before staining. after the boric acid treatment, PVA-I � � was efficiently formed in the spin-coated film. PVA-polyiodine complexes are known to exist in the amorphous phase of PVA [20] . On the other hand, in the orientation of PVA electrospun nanofiber under uniaxial stretching, the stress-induced crystallization was reported to be negligible [21] . Thus, in this fiber oriented film, induced crystallization may have occurred during fiber spinning, and make the difference between the fiber oriented film and spin-coated film. Fig. 9 . Raman spectra of spin-coated film after iodine staining, and after staining and the boric acid treatment. Intensity ( a.u. )
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. Conclusion
In the fiber oriented film using photo-crosslinkable PVA, the formation and dichroism of PVA-polyiodine complex were observed. The iodine complexes were arranged along the fiber. Formation of iodine complexes are thought to be related to crystal phase and amorphous phase of PVA-SbQ. The alignment of iodine complexes in the fiber has not been reported so far, and it can be expected to be applied as new optical material.
